Three methods for extracting dissolved gases from oil, prior to analysis, namely vacuum, syringe, and headspace, were compared using a dissolved gas-in-oil standard. It was concluded that syringe extraction and gas chromatograph analysis yield accuracies comparable with those of other ASTM D3612 methods.
Introduction
Dissolved gas analysis (DGA) is routinely used to determine the concentrations of gases dissolved in the insulating oil of transformers. These concentrations are used to investigate and diagnose electrical or thermal faults [1] . Such faults cause the transformer oil, pressboard, and other insulating materials to decompose and generate gases, some of which dissolve in the oil.
The results of DGA must be accurate if faults are to be diagnosed reliably. Commercial testing laboratories understandably prefer measurements that can be made easily and quickly.
In this paper, DGA results from five independent testing laboratories are compared and discussed. A dissolved gas-in-oil standard with known dissolved gas concentrations was used as the basis of comparison.
Mechanisms of Gas Formation
As stated above, gases are generated in HV equipment mainly by the decomposition of oil, paper, pressboard, and wood blocks. Mineral oil is composed of hydrocarbon molecules with 15 to 40 carbon atoms per molecule ( Figure 1 ). These molecules consist of hydrogen (H) and carbon (C) atoms linked together by carbon-carbon and carbon-hydrogen bonds. When electrical or thermal faults occur, the chemical bonds between the atoms break, forming free radicals such as H·, CH 3 ·, CH 2 ·, and CH·. When these radicals recombine, they form gases such as hydrogen (H 2 ), methane (CH 4 ), ethane (C 2 H 6 ), ethylene (C 2 H 4 ), and acetylene (C 2 H 2 ) [2] .
The paper used to insulate the windings of power transformers and pressboards is made from wood pulp, a cellulosic material. Cellulose is a polymer chain consisting of glucose rings joined together. The monomer unit is shown in Figure 2 . The three main processes for cellulose degradation are hydrolysis, oxidation, and pyrolysis [3] , which lead to the formation of carbon monoxide (CO) and carbon dioxide (CO 2 ). apparatus is complex, incorporating many valves, and expensive vacuum gauges are needed to detect leaks in the system. However, the main disadvantage of this method is that it is time consuming. Two or three extractions are required to remove nearly all the dissolved gases from the oil sample. Some laboratories perform only a single extraction to save time, and thereby compromise the accuracy of the measurement. Our experience has been that a single vacuum extraction may remove only 70% of the dissolved gases. One cannot simply add 30% to the result, because the extraction efficiency depends on the vacuum level and the volume of the gas expansion chamber.
Standard ASTM D3612 method B uses a stripper column with a high surface area bead. It is uncommon in Australian laboratories and will not be discussed further here. However, the level of agreement between the vacuum extraction and stripper column methods has been investigated [5] .
Standard ASTM D3612 method C uses a headspace gas chromatograph. The oil sample is placed in a vial and allowed to equilibrate at 70°C. Some of the gas dissolved in the oil diffuses into the headspace. The concentration C L of a given gas dissolved in the oil is given by
where C G is the concentration of that gas in the headspace, measured by gas chromatography, V G is the volume of the headspace, V L is the volume of the oil sample, and K is the partition coefficient [6] . The main advantages of this method are that the chromatograph is commercially available, and a large number of oil samples can be analyzed automatically once they have been placed in the vials. Another method, called the Shake Test, was developed by Morgan Shaffer (LaSalle, Quebec, Canada) [7] and is a variation of the headspace method [8] . It uses a portable micro-gas chromatograph and thermal conductivity gas detectors. It differs from ASTM D3612 method C in that ambient air, with the CO 2 removed by filtration or absorbent, is used to form the headspace in the syringe. The concentrations of nitrogen and oxygen are not measured, but the concentration of oxygen should be measured, because oxygen accelerates paper ageing.
One of the five independent testing laboratories participating in this work (Laboratory 1) used syringe extraction as in the Shake Test but performed the analysis on a column gas chromatograph in the laboratory. Argon was used to form the headspace in the syringe, allowing the concentrations of oxygen and nitrogen to be measured. The syringe sample was rotated on a mechanical stirrer at a medium speed for 15 to 20 minutes. The headspace portion of the syringe was injected into the column gas chromatograph through an injection port. The chromatograph was equipped with thermal conductivity and flame ionization detectors for gas detection. Laboratories 2 and 3 used vacuum extraction (ASTM D3612 method A), whereas laboratories 4 and 5 used headspace analysis (ASTM D3612 method C). The DGA data from these five laboratories are presented and discussed below.
DGA Oil Standard
Samples of mineral oil with known gas concentrations are commercially available. The True North DGA oil standard used in this work, also known as the 10 ppm concentration standard, was prepared by Morgan Schaffer. The gas concentrations on the certificate of analysis are shown at the top of Table 1 . All of the gases, except oxygen, nitrogen, and carbon dioxide, were at concentrations near 10 ppm, appropriate for this work. Each standard was delivered in a 30 ml glass syringe and was free of gas bubbles. The syringes were sealed with glue between the syringe barrel and the plunger. Morgan Schaffer found that the syringes could be stored for four weeks with no appreciable change in gas content. Before use, the glue was removed from each syringe using a scalpel.
Results
Two syringes were sent to each of the five laboratories. The results are shown in Table 1 .
Figures 3 to 11 present the Table 1 data in graphical form. More specifically, they show the concentrations of each gas measured by the laboratories and the certificate values of the True North DGA standard (Stand). The two dashed lines in each figure show the upper and lower limits of the concentrations in the standard, i.e., the acceptable range for results from the five laboratories. It can be seen that none of the five laboratories obtained results that were within the acceptable range for each gas.
Laboratory 1, which used syringe extraction, reported levels of oxygen, nitrogen, and carbon dioxide for sample 1 that exceeded the upper limit of the standard. The discrepancies, which were smaller for sample 2, may have been due to air ingress from the gas regulator while headspace was being created in the syringe under argon. Laboratory 2 used vacuum extraction. For sample 2, the levels of oxygen and nitrogen were above the upper limits, but the carbon dioxide level was within the acceptable range. Thus air contamination is less likely, because the concentrations of all three gases would be expected to exceed the upper limit if air contamination had occurred. Laboratory 3 also used vacuum extraction. It is surprising that, for sample 1, the levels of nitrogen and carbon dioxide exceeded the upper limit, whereas that of oxygen was within the acceptable range. Less than 1 ppm of carbon monoxide was detected in both samples. The concentration of carbon monoxide in the True North standard (11 ppm) is below the minimum detectable level for the ASTM D3612 method A chromatograph Deviation from acceptable range
(25 ppm for carbon monoxide and carbon dioxide), so there may be a problem with the detection of carbon monoxide. The levels of ethylene, ethane, and acetylene were below the lower limit for both samples, particularly sample 2. The repeatability of the measurements between the two samples was not good. Laboratory 4 used headspace analysis. The levels of oxygen and nitrogen were approximately 1,000 ppm higher than the upper limit for both samples. It would seem that the concentrations were rounded to the nearest 1,000 ppm. The levels of carbon monoxide and hydrogen were also above the upper limit for both samples.
Laboratory 5 also used headspace analysis. The level of nitrogen was slightly lower than the lower limit, but the carbon dioxide level was considerably higher than the upper limit, for both samples.
Overall, Laboratory 5 showed the best agreement with the standard, with 13 of 18 measurements lying within the acceptable range. Laboratory 3 (vacuum extraction) showed the worst accuracy, with only 5 measurements within the acceptable range. Laboratory 4 showed the best repeatability for two samples, and Laboratory 3 showed the worst.
Possible Reasons for Discrepancies
Laboratories 1, 3, and 5 significantly overestimated the carbon dioxide levels; all laboratories except 5 overestimated the nitrogen levels; and laboratories 1, 2, and 4 overestimated the oxy- Table  1 for a description of the laboratories.
gen levels. As stated above, overestimation of the levels of these three gases is normally attributed to air contamination of the oil samples. Under syringe extraction, air contamination is possible when the sample is being transferred into a larger syringe for gas partitioning. The argon gas regulator and associated hosing used to create the headspace in a syringe are also likely sources of air contamination, if not purged properly before the syringe is filled. Air might also be introduced through the inert box used to transfer the contents of the syringe to the vials for headspace analysis. Another possibility is that, if the silicon used to seal the standards is not completely removed, the plunger will not slide along the syringe barrel smoothly, leading to over-pressures inside the syringe during extraction and air leaks. The discrepancies between the reported concentrations of methane, ethane, ethylene, and acetylene and the acceptable ranges were small for all laboratories, except Laboratory 3. The extraction efficiency using vacuum extraction (ASTM D3612 method A) is almost 100%, provided several extractions are performed and the results combined. It may be that Laboratory 3 performed only a single extraction.
The choice of gas partition coefficients (or Ostwald solubility coefficients) is extremely important when syringe extraction and headspace methods are used. Laboratory 1 used the coefficients listed in ASTM D3612, for a temperature of 25°C and a specific Table  1 for a description of the laboratories.
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type of mineral oil with a density of 0.855 g/cm 3 at 15.5°C. The ambient temperature in Laboratory 1 in which gas partitioning was performed was in the range of 21 to 23°C, so the Ostwald solubility coefficients at 25°C could be used with negligible error, provided the oil sample was allowed to stand for at least one hour at ambient temperature. In the case of headspace analysis, the partition coefficients given in the ASTM standard are for 70°C, so the sample should be shaken for 30 minutes at 70°C for gas partitioning. Under vacuum extraction the gas partitioning coefficients are not critical, because almost 100% of the gas is extracted from the oil.
The volume of oil is significant under syringe extraction, so the syringes used should be graduated to ±0.25 mL for better accuracy. Under headspace analysis (Method C of ASTM D3612) the vial volume should be determined by weight to an accuracy of 0.01 g.
Standard ASTM D3612 method C also requires a threepoint calibration of the chromatograph using three gas mixtures at different concentrations. It is not known whether such calibrations were carried out by Laboratories 4 and 5. Laboratory 1 used a one-point calibration involving a single gas mixture.
The Benefits of the Syringe Extraction Method
The syringe extraction method is easy to use, is faster than vacuum extraction, and, unlike vacuum extraction, does not involve mercury. At room temperature it takes much the same time as headspace analysis. Although many samples can be handled automatically under headspace analysis, the transfer of oil samples into vials in such a way that the dissolved gas content is not changed, is time consuming.
A further advantage of syringe extraction is that the sample is analyzed in the syringe used to collect it. However, care must be taken to prevent air contamination when introducing argon into the syringe for gas partitioning. A three-way syringe valve should be used, and the cylinder regulator should be thoroughly purged before admitting argon to the syringe to form the headspace.
Finally, syringe extraction is relatively cheap. The cost of the mechanical stirrer used in syringe extraction is much less than that of a headspace analyzer.
Conclusion and Future Work
The accuracy achievable using syringe extraction and chromatograph analysis is comparable to that of the ASTM D3612 methods. Measurement times are shorter and less operator time is required.
Laboratories should use dissolved gas-in-oil standards to check accuracy and uncover systematic bias in their procedures. The accuracy of a gas chromatograph can be checked using gas standards, but the extraction efficiency of a method can be checked only by using dissolved gas-in-oil standards. It is recommended that customers requesting DGA from a commercial laboratory check the accuracy of the results from the laboratory by including a certified gas-in-oil standard in their samples.
It would be interesting to check the accuracy and repeatability of commercial laboratory measurements at medium or high dissolved gas levels, e.g., 100 ppm, again using a dissolved gas standard.
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